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SUMMARY 

The effect of compressor-outlet air "bleed an tur"bo Jet- engine 
performance is calculated "by the use of an analysis based on experi- 
mentally determined component characteristics of a centrifugal- flow 
turbojet engine with a constant-area Jet nozzle. A range of engine 
speeds from 0.9 to 1,0 of rated engine speed and air-bleed rates from 
0 to 0.10 of compressor air flow ane considered at a fll^t Mach number 
of 0.52 and an altitude of 24,000 feet. 

The effect of compressor-outlet air bleed on the performance of 
the centrifugal- flow turbojet engine for different modes of engine opera- 
tion indicated that the cost of compressor-outlet air bleed in terms of 
the Increase in net-thrust specific fuel cons^amption was about 2 percent 
for each percent of air bleed for constant engine speed, maximum net 
thrust, or constant net-thrust operation. When mH.YiTm7m net-thrust 
operation with air bleed occurred at a constant tail-pipe temperature, 
the maximum net thmst decreased at a rate of about 2.5 percent for each 
percent of air bleed, while the loss in net thrust with air bleed at 
constant engine speed was only a"bout 0.5 percent for each percent of 
air bleed. 


INTRODUCTION 

Compressor-outlet air bleed has been considered as a soiirce of 
compressed air for such purposes as cabin pressurization and copditioning, 
ice protection, boundary-layer control, and engine and tall- pipe cooling. 
The ■use of compressor-outlet air has, however, a detrimental effect on 
engine performance, the magnitude of -which is dependent on both the 
amount of air bleed and on the engine characteristics. 

An analytical method of performance e'valuation with compressor- 
outlet air bleed has been previously published which presents a general 
method of component matching and includes generalized -working charts 
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for an axial- flow tiurbojet engine (reference l) . The effect of compressor- 
outlet air hleed on specific modes of engine operation was then deter- 
mined hy the use of these charts (reference 2) . The performance of a 
centrifugal- flow turbojet engine with compressor-outlet air hleed ■would 
he expected "to he different from that of an axial- flow tiirhojet engine 
heca'use of the basic difference in compressor characteristics. 

The effect of compressor-outlet air hleed on the performance of a 
centrifugal- flow turbojet engine is determined herein. The analysis, 
which \78i3 conducted at the HACA Lewis laboratory, is limited to fixed- 
configuration engines including fixed-area jet nozzles operating ■within 
the region of a choked jet nozrte. 'While the general method of refer- 
ence 1 could he applied to centrtfugal-flow turbojet engines, complete 
performance charts ■were not available and a simplified method ■was used 
which considered the combined 'turbine and jet-nozzle characteristics. 

The effect of air bleed on the piamping characteristics of a 
centrifugal- flow 'turbojet engine is presented for a range of engine 
speeds from 0.9 'to 1.0 of rated engine ^eed at a flight Mach number 
of 0.52 and alti'tude of 24,000 feet for air-bleed rates from 0 'to 0.10 
of compressor air flow. The change in net thrust, net-thrust specific 
fuel conaiimptlon, 'tail-pipe tempera'tare, and engine speed 'with air bleed 
is also presented for 'various modes of engine operation. Althotigh data 
are shown for only one fli^t condition, effects of compressor bleed 
on other fli^t conditions can be computed from the method presented 
herein. 

The effect of compressor-outlet air bleed on the performance of an 
axial- flow 'turbojet engine as compared 'with the effect of air bleed on 
the performsLnce of a centrifugal-flow 'tur'bojet engine is also discussed. 


SYMBOLS 

The following symbols are 'used in this analysis: 
A area, sq. ft 

F thrust, lb 

f fuel-air ratio 

g acceleration due 'to gravity, ft/sec^ 

h,Ah enthalpy, enthalpy change, Btu/lb 
J mechanical equl'valent of heat, ft-lb/B'tu 

U engine speed, rpm 
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P total pressure, Ib/sq ft 

p static pressure, Ib/sq ft 

R gas constant, ft-lb/(lb) (° e) 

sfc net-thrust specific fuel consumption, Ih fuel/(hr)(lb net thrust) 
T total temperature, °R 

t static tonperature, °R 

V velocity, ft/sec 

■w weight flow, Ih/sec 

^ ratio of alr-hleed flow to compressor air flow 

X ratio of specific heats 

5 ratio of total pressure to RACA standard sea- level pressure, 
P/2116 

T] adiabatic efficiency 

0 ratio of total temperatxire to MCA standard sea-level temperature, 
T/519 

Subscripts : 

0 free stream 

1 compressor inlet 

2 compressor outlet 

3 turbine inlet 

4 turbine outlet 

a air 

b burner 

c compressor 

f fuel 

g gas 
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i det 

n net 

r values of engine variables at rated engine speed and specific 
flight condition 

s standard KA,CA sea- level conditions 

t turhlne 

ANALYSIS 

Con^xDnent Characteristics and Assumptions 

!Ehe engine component characteristics were obtained directly from 
experimental information available on a centrifugal- flow turbojet engine. 
In addition, compressor characteristics were available from experimental 
information obtained from a similar compressor on a unit test rig. 
Camplete recovery of ram pressure was assumed. 


lO 

w 


Co^ressor . - The compressor characteristics are presented in flg- 
■ure l(a) . The solid line represents the equilibrium operation of the com- 
pressor as a component of the normal engine (with no conpressor- outlet air 
bleed) , while the dotted lines represent the operation of the conpressor 
as a unit for various constant rotative ^eeds. These constant speed 
lines were constructed with the equilibrium operating line as a base and 
the experimental data obtained from the unit test rig as a guide. Effi- 
ciency conto-urs are ^own as dashed lines. 

Conibustor >. - The comibustor was assumed to operate with compressor- 
outlet adr bleed at the same combtistion efficiency and total-pressiu'e 
ratio as with zero air bleed at the same engine speed. The variation 
of combustion efficiency and total-pressure ratio with engine speed is 
presented in figure l(b) . The use of present turbojet engine fuel 
having a lower heating value of 18,850 Btu per pound and a hydrogen- 
carbon weight ratio of 0.170 was assumed. 

Combined turbine and jet nozzle . - The turbine and the jet nozzles 
were considered to be choked for all conditions over the lim i ted range 
of engine speeds considered. Accordingly, the corrected turbine-nozzle 
flow was constant at a valiie of 41.62 pounds per second. A turbine 
efficiency of 79 percent was -used and was considered independent of 
engine speed or compressor-outlet air bleed. A simplified representation 
of the combined turbine and fixed-area jet-nazzle characteristics based 
on continuity considerations was used (see reference 3) . In the region 
of choked flow in both turbine and jet nozzles and for a turbine 
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efficiency of 79 percent, the turhine operates at a constant pressure 
ratio of 2.517 and a constant turhine temperature ratio of 1.195, vhich 
corresponds to a corrected specific turhine -work of 23.18 Btu per pound. 

The l^hrust characteristic of the jet nozzle is presented in 
figure l(c). Because this curve -was determined from, experimental data, 
the velocity eind the flow coefficient of the jet nozzle are incorporated 
in the jet-thrust characteristic. The jet-nozzle area was adjusted at 
static sea- level conditions to give rated thrust at rated engine speed 
with rated tail-pipe tenperature. 

The ratio of specific heats was assumed to he 1.4 at low tenpera- 
tures (stations 1 and 2) and 1.33 at hi^ temperatures (stations 3 nnri 4 ) 
unless othexrwlse noted. 


Method of Analysis and Matching Procedure 


The performance of the centrifugal- flow turbojet engine was analyzed 
in terms of the work required hy the ccmpressor and the work available 
fTOm the turhine jet-nozzle combination. During the process of analysis, 
the effect of compressor-outlet adr bleed on the work requirements was 
considered and the following equations were derived (see appendix for 
derivation) : 


(1 + f) 



(A 6 ) 

(A9) 


f » ^ 8.5 - 


(AlO) 


In order to determine the engine pressure and temperature ratios, 
a matching procedure is used which consists of a simultaneous solution 
of the fuel-air ratio and the ratio of turbine-inlet pressure to 
compressor- inlet pressure from the preceding equations for a given rate 
of compressor-outlet hlr bleed. GZhe term (l + f ) -^1 - p -was computed 
from equation (s) and is shown in figure 2 for several engine speeds as 
a function of the ratio of turbine-inlet pressure to compressor- inlet 
pressTore P 3 /P 1 . A graphical solution of the equilibrium operating 

points at various vaiues of compressor-outlet air bleed was obtained by 
superimposing the term (l + f ) -y/l - p pbtalned from equations ( 9 ) 
and ( 10 ) on figure 2 . 
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Once a match in g point has "been obtained^ the engine totad-pressure 
ratio P 4 /P 1 aai the engine total-temperature ratio may be 

determined as follows: 


and 


Pi Pi/ P4 




( 1 ) 


( 2 ) 


The jet thrust is obtained from the engine total-pressure ratio 
and the thrust characteristic of the jet nozzle (fig. l(c)). Thp. net 
thrust is then determined as 




g 


0 


(3) 


where 


j\l& _ii_ I 

g V s T - 1 


1 - 


r-1 

ritoA T 


The fuel flow is determined 


(4) 


^f “ ^Ci - PK,i 

and the net-thrust specific fuel consumption is then found to be 


(5) 


3600w^ 


sfc 


C6) 


EESOLTS AHD DISCUSStOIT 

Effect of Air Bleed on Pumping Characteristics 

The effect of adr bleed on the pmaping characteristics of a 
centrifugal-flow turbojet engine is presented in figure 3 for a irange 
of air-bleed rates from 0 to 0.10 of compressor air flow with lines of 
constant engine speed from 0.9 to 1.0 of rated engine speed. The 
pumping characteristics shifted in the direction of increasing engine 
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total-temperature ratio and decreasing engine total-pressure ratio idLtli 
increasing air "bleed. The variation of engine total-temperature ratio 
is essential 1 y- linear with air bleed at a constant total-pressure ratio. 
The variation of engine total-pressure ratio is also linear with air 
bleed at a constant total- temperature ratio. 

The performance of the centrifugal- flow tur"bojet engine with air 
bleed at constant engine speed is characte3rf.zed on the pumping charac- 
M teristic by an increasing engine total-temperature ratio with a small 

decrease in total-pressure ratio. 


Effect of Air Bleed on Engine Performance 

Constant engine speed . - The effect of air bleed on net thrust, 
net-thrust specific fuel consumption, and tail-pipe temperature of a 
centrifugal- flow tur"bojet engine operating with a constant-area Jet 
nozzle and at constant engine speed is presented in figure 4 for an 
engine speed of 0.936 of rated engine speed. As expected from the 
constant-engine-speed lines shown on the pumping characteristics, tiie 
net thrust decreased with air bleed while the tail-pipe temperature 
increased. The tail-pipe temperature increased about 1 percent for 
each percent of air bleed and the net thrust decreased about l/2 percent 
for each percent of air bleed. The increase in tail-pipe temperature 
and corresponding increase in fuel flow with the slight reduction in 
net thrust resulted in an increase in net- thrust specific fuel consumption 
of about 2 percent for each percent of air bleed. 

Maximum net thrust . - The maximum net thrust obtainable from a 
turbojet engine operating with a constant-area Jet nozzle and with air 
bleed is limited either by rated engine speed or by the attainment of 
maximum allowable tail-pipe temperatvire. This mode of engine operation 
is represented on the pumping characteristics of figure 3 by the rated 
engine-speed line until the maximum a1 1 owable tail-pipe temperature is 
reached, after which maximum net-thrust operation is represented by a 
vertical line at the limiting value of engine total-temperature ratio. 

The effect of air bleed on the maxi imjm net thrust and the resultant 
effects on net-thrust specific fuel consumption, tail-pipe temperature, 
and engine speed eire presented in figure 5. The maxi mum net thrust 
decreased and the net-thiust specific fuel consumption and tail-pipe 
temperature increased with air bleed at rated engine speed until the 
maximum allowable tail-pipe temperature was reached in the same manner 
as previously discussed for constant-engine- speed operation. For the 
flight condition considered in this report, the ma xi mum allowable 
tail-pipe temperatiare was reached at an air-bleed rate of 2.8 percent. 

A further increase in air bleed -vTiiile maintaining the maximum allowable 
tail-pipe temperature was achieved by reducing the engine speed, which 
resulted in a much greater rate of decrease in maximum net thrust. The 
engine speed decreased at a rate of about 0.5 percent for each percent 
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of air "bleed, -while -the maximum net -fchrust decreased about 2.5 percent 
for each percent of air' "bleed for esagine operation at a cons-tant -tail- 
pipe tempera-ture. Engine operation -wi-th air bleed at constant tail- 
pipe teiirpera-ture resul-bed in an increase in net- thrust specific fuel 
consun 5 )tlon at about the same ra-be as -wi-th engine operation -with air 
bleed at cons-tant engine ^eed. 

Cons-tant net thrust . - Opera-tion of tur'bojet engines -with constant- 
axea jet nozzles and constant net thrust -with air bleed is ob-tained by- 
increasing the tail-pipe temperatvire. A small increase in engine speed 
is required for the cen-trifugal-flow- turbojet engine -to maintain constant 
net thrust -with air bleed. The jet thrust and consequently- the engine 
-total-pressure ratio are -therefore nearly cons-tant, increasing sll^tly 
-to compensate for an Increase in inlet momentum dr^ resulting from the 
increase in compressor air flow -with engine speed. The constant-net- 
thrust mode of engine operation is therefore represented on the pumping 
charac-teristlcs by a nearly horizontal line. 

The effect of air bleed on net--thrust ^eclfic fuel consumption, 
tail-pipe temperature, and engine speed for a constant net thrust is 
presented in figure 6 for a -value of 0.75 of maximum net thrust. The 
increase in net--thrust specific fuel consumption and -tail-pipe tempera- 
-ture -with air bleed -while maintaining cons-tant net thrust -was about the 
same as that required -to main-tain constant engine speed, althou^ it 
was slightly less because of the small increase in engine speed required 
-to maintain a cons-tant net thrust. 

Comparison -with axial- flow -tur~bojet engine . - The effect of 
compressor-outlet air bleed on the perf03mian.ce of a centrifugal- flo-w 
-tur'bojet engine operating at maximum net thrust (constant -tail-pipe 
tempera-ture) or at a constant net thrust is essentially the same as the’ 
effect of compressor-outlet adr bleed on the performance of an axial- 
flow turbojet engine -which is presented in reference 2. 

At cons-tant engine speed the basic difference in compressor charac- 
teristics be-tween -the -two -turbojet engines results in some difference in 
the effect of compressor-outlet air bleed. The decrease in net thrust, 
-with compressor-outlet air bleed, for example, is greater for an axial- 
flow turbojet engine because of the greater decrease in compressor 
pressure ratio. 


SOMMAEr OF RESULTS 

An analysis of the effect of air bleed on the pumping charecteri sties 
of a centrifugal-flow -turbojet engine at a flight Mach mmiber of 0.52, 
an alti-tude of 24,000 feet, a range of engine speeds from 0.9 -to 1.0 of 
rated engine speed, and air-bleed rates from 0 -to 0.10 of compressor air 
flow indicated that air bleed resulted in an essentially linear Increase 
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in engine total-temperature ratio at a constant engine total-pressure 
ratio and a linear decrease in engine total-pressure ratio at a constant 
engine total-temperature ratio. Ctonstant-engine- speed performance with 
air bleed is characterized by an increasing engine total- temperature 
ratio with a smal 1 decrease in engine total-pressure ratio. 

The effect of air bleed on the performance of the turbojet engine 
for different modes of engine operation indicated that the cost of 
compressor-outlet air bleed in terms of the Increase in net-thrust 
specific fuel consumption was about 2 percent for each percent of air 
bleed for constant engine speed, maximum net thrust, or constant net- 
thrust operation. When maxiTtriTm net-thrust operation with air bleed 
occurred at a constant tail-pipe temperature, the maximum net- thrust 
decreased at a rate of about 2.5 percent for each percent of air bleed, 
while the loss in net thrust with air bleed at constant engine speed 
was only about 0.5 percent for each percent of air bleed. 


Lewis Fli^t Propulsion Laboi^tory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, January 9, 1952 
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APPENDIX 

PROCESS OF AHALYSIS 

The compressor and turMne work may he equated as 


■^aA^c “ (^a,3 + 

If the accessory work and friction work are assumed equal to the 
work derived from the fuel flow w^jAh^, 


^a,l^c “ ^a,3^ 
and, from continuity of flow, 

^a,lCl - P) = ■ffa,3 

In terms of correction factors, equation (1) becomes 

^a,lV^^c ^IaI^ ^a,3 V% ^ 


(Al) 


®1 P3V5?3 


55 


(A2) 


(A3) 


and, similarily, equation (2) becomes 


a,l A _ 6) » ^a.5 V% 

T» 1 / m 


P3V^1 


CA4) 


After T 3 /T 2 _ is eliminated from equations (3) and (4) by combining 


^a,lV^l f^c ^ ^ ^a,3V% 

&1 V ®1 ^ ^3 V ®3 


(A5) 


since "Wg^ 3 = (m) Wg^g, eqiiation (s) becomes 

(i + f) vw i 

^ ^1 Vi 83 



CA6) 


The corrected specific compressor work is related to the compressor 
temperature ratio 


» 


2341 



2341 


NACA TN 2713 


11 


ij CA7) 

and 1:116 compressor efficiency relates the compressor temperature ratio 
to the compressor pressure ratio 

The required turhine-inlet tonperature may also he determined hy 
comhlning equations (l) and (2) 


^c R r . 

01 “ J r - 1 « (^Ti 


Ah^ » Ah^(l - p) 


or, in terms of correction factors. 


from which 


^ ^ (1 - p) ^ 
01 03 ^ V Ti 



P) 


®1 / % 


.(A9) 


The fuel-air ratio required hy the humer to provide the turhine- 
inlet temperature for a given compressor-outlet air bleed may now he 
determined. By definition 




^ g ,3 ~ ^,2 

fh^ 


or 

=* « -u 

Thlif 

where hg^^g calculated hy the method of reference 4 

with variable specific heats. , 


(AlO) 
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Figure X. - Concluded. Performance ciaracteristios of centrlfugal- 
flov turtojet engine. Flight Mach number, 0.52; altitude, 

24,000 feet. 




(i+f)Vi^ 


16 


MCA TN 2713 


/ 



Figure 2. - Fuel-air ratio requirements of centrifugal-flow 
turtojet engine. Fliglit numter, 0.52; altitude^ 

24^000 feet. 
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Figure 3. - Effect of compressor-outlet air lileed on pumping characteristics 
of centrifugal-flow turbojet engine. Flight Mach number, U.52; altitude, 
24,000 feet. 






Inaction of rated tall- Fraction of rated net- Fraction of 

pipe temperature, thrust specific fuel rated net 

consumption, sfc/(sfc)j, thrust 
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Batlo of alr-hleed flow to compressor air flow, P 

Figure 4. - Effect of compressor-outlet air bleed on performance of 
centrifugal-flow turbojet engine operating at constant engine speed. 
Fraction of rated engine speed, 0.936; flight Mach number, 0.52; 
altitude, 24, 000 feet . 
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Eatlo of alr-hleed flow to bompressor air flow, P 


Figure 5. - Effect of compressor-outlet air bleed on maximum net-thmst 
performance of' oentrlfugal-flow turbojet engine. Fli^t Mach 
number, 0.52; altitude, 24,000 feet. 
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Figure 6. - Effect of compressor-outlet air tleed on performance of centrifugal' 
flow turbojet engine operating at constant net thrust. Fraction of max i mum 
net thrust, 0 . 75 } flight l<Sach number, 0.52j altitude, 24,000 feet. 
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